The study of positronium emission from metal surfaces bombarded by slow positrons provides information on the topmost layer of the metals such as electron and positron energy levels because positronium atoms are formed as the result of the interactions between the positrons and the electrons there. In the present work, time-of-flight spectra of ortho-positronium atoms emitted from polycrystalline tungsten surfaces with and without a sodium coating have been measured. The data shows a significant increase on coating in the yield of the 5 eV component due to positronium formed from thermalized positrons and conduction electrons. An attempt is made to explain the increase by an emission model based on the formation of positronium in a low electron density surface layer extended by the coating.
Introduction
When low-energy positrons impinge on metals, they penetrate into the bulk, lose their energy until thermalized, and then some diffuse back to the surface [1, 2] . If the positron work function, ϕ + , is negative, a proportion of the positrons is emitted with the characteristic energy |ϕ + |. Emission as positronium (Ps) is also an allowed process from most metals since ϕ Ps , which is expresses as
and referred to as the Ps affinity in this paper, is negative in most cases. Here ϕ − is the electron work function and E Ps is the Ps binding energy in vacuum (6.8 eV). The energy distribution of the Ps emitted via this process reflects that of the conduction band of the metals and has a maximum energy at |ϕ Ps |. Some of the positrons are also trapped in the surface potential well and annihilate there. On application of heat to the metal, Ps yields increase due to the thermal desorption of Ps atoms formed from such positrons [3] . The activation energy of this process, E a , is written as
where E b is the binding energy of the positron at the surface. An increase in the yield of Ps atoms emitted from a Si surface has also been observed when the surface was coated with Cs [1] . This increase was interpreted as the desorption of Ps formed from positrons trapped in the surface potential well with electrons whose work function had been lowered by the coating [1] . Thermal desorption of Ps from Cs coated Ni surfaces was reported for temperatures down to 325 K and cryogenic desorption of Ps by this technique was predicted [4] . However, direct measurements of Ps energy distributions from surfaces with and without a coating, which provides information on the Ps formation mechanism at the surface [5] [6] [7] [8] , has not been performed.
In the present work, we have measured the time-of-flight (TOF) spectra of ortho-Ps emitted from a Na coated tungsten surface in order to investigate the effect of Na coating on the Ps emission. The obtained data showed an increase in the Ps component governed by Eq. (1). We have developed a model to explain the increase based on the change in the electron density distribution at the surface.
Experimental procedures
TOF measurements for the Ps emitted from a polycrystalline tungsten surface with and without a Na coating were performed using a pulsed slow positron beam at the Slow Positron Facility (SPF) in the Institute of Materials Structure Science (IMSS), High Energy Accelerator Research Organization (KEK) [9] . Positrons were generated at a beam dump of a 55 MeV electron linac and moderated using a tungsten 
Contents lists available at ScienceDirect
Surface Science j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / s u s c moderator. The pulse width was 10 ns and the beam intensity was 5 × 10 6 e + /s. The repetition rate of the linac was 50 Hz. The positrons were transported to the Ps-TOF measurement chamber following acceleration to an energy of 4.2 keV, which was high enough to prevent pulse widening. The beam was collimated using an aluminum plate with an aperture of 9 mm in diameter before entering the Ps-TOF chamber.
The schematic diagram of the Ps-TOF chamber is illustrated in Fig. 1 . The beam diameter at the target was measured to be about 10 mm using a microchannel plate with a phosphor screen. The base pressure of the chamber was 6 × 10 −8 Pa.
The target was a polycrystalline tungsten foil of 25 μm thick with dimension of about 12 mm × 12 mm. It was annealed in situ at 1800 K for 30 min by the passage of an electric current and, after cooling to room temperature, Na was deposited onto it using dispensers purchased from SAES Getters S.p.A. The thickness of the layer was estimated by a deposition monitor system using a quartz crystal sensor. The deposition was set at 6 × 10 14 atoms/cm 2 , where the electron work function has been reported to be at its lowest (2.1 eV) [10, 11] . The target was grounded electrically during the TOF measurements and hence the positron incident energy onto the sample was 4.2 keV.
Time intervals between the linac pulse signals and the detection of γ-rays from in-flight self-annihilation of the emitted ortho-Ps in view of the narrow slits were measured. Two identical plastic scintillation detectors were used of size 100 mm × 100 mm × 10 mm, and these were coupled to photomultiplier tubes (HAMAMATSU H6614) via light pipes. They were encased in lead shielding with narrow slits to allow the passage of the annihilation γ-rays and were placed by the chamber. The distances between the sample and the slits along the positron beam line, d, were 40 mm and 120 mm, and the slit widths were 2 mm and 6 mm, respectively. The signals from these photomultiplier tubes were recorded with a digital oscilloscope (Lecroy WaveRunner 64Xi-A). The time range of the oscilloscope was set to be 1 μs and the sampling rate was 500 MS/s. The waveforms were digitized and stored with the trigger pulses from the linac. After acquisition, the data was analyzed off-line. The signals with pulse heights higher than a predetermined threshold were selected and the counts for two adjacent bins were summed and plotted as the TOF spectra. Fig. 2 shows the Ps-TOF spectra from the polycrystalline tungsten sample: unannealed, annealed, and Na-coated after annealing. The spectra were normalized to the measurement time. The prompt peaks at time zero are attributed to the annihilation of the positrons in the target and self-annihilation of para-Ps (singlet 1 S 0 state, short-lived) and positronium negative ions (e (1) together with reported values of ϕ − and ϕ + for polycrystalline tungsten [16] . The shapes are determined from the electron band structure of the sample, the angular distribution of Ps emission, and the geometrical resolution of the detector system. The Ps emission angle may be broader than that of single crystal, where positrons are emitted with a narrow angular distribution [17, 18] . Moreover, some of the emitted Ps may bounce off the chamber wall and contribute to the shape. However, the experimental resolution of the present experimental setup is not sufficient to clearly discern these factors.
Results
After Na coating, the yield of the emitted Ps increased significantly. Furthermore, the Ps energy distribution was observed to be narrower than that for the uncoated surface.
Discussion
The present data shows that the maximum Ps emission energy is not affected by the Na coating and is consistent with the fact that the Ps affinity, ϕ Ps , should be unchanged upon coating. The electron and positron work functions for the coated surface, ϕ _ ′ and ϕ + ′, respectively, are written as
where Δ is the effect of the coating [1, 2] . Hence ϕ Ps calculated using Eq. (1) to be unchanged. These relations have been studied using twocomponent density functional theory simulations for Li coated Al(100) recently [19] . The data also shows an increase upon Na coating in the intensity of this component. The Ps emission model suggested for Si surfaces [1] , where Ps atoms formed from positrons trapped in a potential well at the surface and electrons whose work function is lowered by the coating are desorbed, thus does not account for the energy distribution observed in the present work.
The value of the negative positron work function approaches zero upon coating and thus the positron re-emission probability becomes lower. This may contribute to the relative increase in the Ps emission probability. It is also possible that the increase of the surface region with a low conduction electron density favors Ps formation.
Ps formation in materials is explained using the electron gas density parameter, r s , expressed as
where n is the conduction electron density and a 0 is the Bohr radius. Held and Kahana [20] made a variational calculation for an electronpositron pair in electron gases and found that Ps appears when r s ≥ 8.5. Kanazawa et al [21] calculated the bound state including short range positron-electron interaction and concluded that Ps is not formed in the range of r s corresponding to all the actual metals. Weisberg and Berko [22] measured the positron annihilation rates in metals and plotted them against r s . They found that the rates for the nearly free electron metals are on a smooth curve which approaches the spin-averaged Ps self-annihilation rate, λ pos . All the rates are larger than λ pos even in the case of alkali metals, where the values of r s are larger than other metals. According to the calculation of the electron-positron bound states in electron gases by Lowy and Jackson [23] 
When r s N 6, E Ps calc is larger than the electron-positron correlation energy of the free positrons and hence Ps states are stable, as in the case of Ps lying on surfaces [25] or in some insulators [26, 27] . In the case of metal surfaces, r s is dependent on x, the coordinate of the axis perpendicular to the surface. As positrons, thermalized in the bulk, approach the surface, they carry with them correlated cloud of electrons and Ps atoms appear at x N xj rs¼6 [6] . If we assume that the Ps emission yield, Y Ps , is dependent on the electron capture cross section σ(n(x)) which depends on the conduction electron density n(x), then
Further assuming that σ(n(x)) is a step function, i.e.,
where σ 0 is a constant, then the Ps yield can be described by
We applied this model to the case of bare tungsten and fully Na coated tungsten surfaces, using the relevant values of n(x) from Fig. 1 of [28] although the Na layer of this figure is thicker than the present experimental setup. The estimated increase in the Ps yield was found to be 1.4 times, which is too small to account for the observations of the present experiment. We have also calculated n(x) for the present thickness using an analytical model [29] and obtained the increase to be 1.6 times. If we assume that the value of σ is proportional to the Ps binding energy in the electron gas given by Eq. (6), the estimated increase is 2.2 times, which is still smaller than the experimental result. These discrepancies could be attributed to a possible lack of accuracy in the tail part of the electron density distribution; we actually compared the area below n x ð Þ=n sub ¼ 1=27, where n sub is the electron density in the bulk. The above assumption may be too simplistic and more detailed calculations for n(x) and σ are needed. The present approach should also clarify the mechanism of Ps emission from clean metal surfaces, which is not yet satisfactorily understood. An increase in the yield of Ps − emitted from metal surfaces upon alkali-metal coating observed recently [12] [13] [14] [15] may also be explained by a similar process.
Conclusion
In conclusion, we have investigated Ps emission from Na coated polycrystalline tungsten surfaces. The data shows that the maximum Ps emission energy is independent of the coating and the intensity of the Ps formed from thermalized positrons and conduction electrons predominantly increases upon coating. It is thought that this increase reflects the change in the conduction electron density near the surfaces.
